INTRODUCTION
When a seismic wave encounters a small subsurface heterogeneity, the wave scatters in all directions. Such heterogeneities are called diffractors. Examples of diffractors in sedimentary environments include terminations of sedimentary layers at faults and edges of objects such as a reservoir (Pant et al., 1992; Papziner and Nick 1998) . Since all these geological features are important for better understanding of the subsurface, imaging and inferring properties of seismic diffractors is an active area of research. Krey (1952) showed the importance of diffraction for faults imaging. Trorey (1970) derived the theoretical response of a diffractor, which was followed by Trorey (1977) and Berryhill (1977) who focused on the diffraction properties using zerooffset sections and nonzero separation of source and receiver.
Since then there were many authors that studied diffractions and their application to seismic imaging (e.g. Harlan et al., 1984; Landa et al., 1987; Kanasewich and Phadke ,1988; Khaidukov et al., 2004; Vermeulen et al., 2006; Fomel et al., 2007; Klem-Musatov, 2008; Moser and Howard 2008; Tertyshnikov et al., 2013) . Alonaizi et al. (2014) showed the potential of diffracted wave analysis for monitoring CO 2 seepage by imaging the secondary gas accumulations. Alonaizi et al. (2013) developed a seismic imaging technique that locates linear features such as edges of objects and linear diffractors in 3D and suppresses moderately dipping specular reflections.
One feature that distinguishes seismic diffractions from reflections is that the shape of recorded scattered wavefield does not depend on the time and location of the source. This property allows us to use passive seismic records for detection of diffractors. Even though diffracted amplitudes are usually an order of magnitude weaker than reflected amplitudes, the increase in the recording time more than compensates for this difference. Herein we demonstrate the feasibility of using passive diffractions for fault imaging on both synthetic and field data.
METHOD AND RESULTS
In passive imaging we often do not have either the information about the location of the source of the energy that generates the seismic waves used for the imaging or the information about the timing of the source. While lack of this information is detrimental for reflection imaging, diffractors can be still located in the subsurface based on the shape of the wavefront that translates to distinct traveltime curves. The dependence of the shape of the traveltime curves on the depth of the diffractor in a homogeneous medium is given by
where v is the velocity of the wave propagation in the medium, ( ) are the coordinates of the diffractor, and x is the coordinate of the receiver on the surface . This dependence is illustrated in Figure 1 , where we shifted the curves in time to indicate the irrelevance of the source timing to the shape of the curves.
To locate the diffractors, we assume that we know the velocity of the medium. This velocity model can be given in depth or as stacking velocity. Such a velocity model can be obtained for example from an active seismic survey or, if we are using shear waves for the imaging, we could use surface wave analysis. If we are interested in depth imaging of the diffractors, instead of using equation (1) to determine the shape of the traveltime curves, we can use a fast-marching eikonal solver to propagate the wavefronts form each point in the image space to the surface.
SUMMARY
We present a feasibility study of using passive seismic data for imaging of diffractors. Imaging and characterisation of seismic diffractors is important for many applications of seismic methods, including carbon geosequestration, since in sedimentary setting the diffractors are associated with terminations of layers at faults, as well as edges of the zones altered through the reservoir depletion or fluid (e.g. CO 2 ) injection. One of the findings is that the diffracted waves from ambient sources can be sometimes incorrectly interpreted as active seismic sources that might lead to wrong conclusions about induced seismicity of processes generating the ambient noise, such as injection of fluids in the subsurface.
Key words: diffractions, passive seismic, faults, imaging The presented imaging method relies on detecting coherent signals along the traveltime curves. The image point corresponds to the maximum coherence value detected for all the possible time shifts of the traveltime curve corresponding to the image location. There are several possible measures of coherency one could use for this detection. Herein we use two measures.
Semblance
The first coherency measure is semblance (Taner and Koehler, 1969) :
where ( ) is a trace recorded at x, is time constrained to a window around the traveltime curve corresponding to the diffractor at ( ), and N is number of traces we consider.
Presence of noise in the data implies dependency of semblance on the number of traces used for the computation, as indicated in Figure 2 , where we show dependence of semblance on noise to signal ratio (N/S) and the number of traces. The included noise is white noise only. The dependency of semblance on the number of traces for N/S greater than 2 can be closely approximated by a hyperbola 1/n as shown in Figure 3 , which leads to modified semblance measure given by 
Fourier spectrum coherency measure
The second coherency measure is inspired by construction of dispersion curves in surface wave analysis by Park and Miller (2005) :
where ( ) is the Fourier transform of trace ( ), and ( ) is the traveltime curve corresponding to diffractor at (
). This expression can be modified by normalising ( ) to supress or enhance certain frequencies, or by limiting the analysis to a window around the traveltime curve.
Parameters for the coherency estimate
One important parameter in the coherency computation is the window length. The window length should be the same as the expected duration of the ambient noise source. Thus, in situations where there are many different energy sources this parameter can be considered to be a tuning parameter. However, sometimes we can select this parameter based on the situation; for example for continuous noise sources the window can be chosen to span the entire trace.
The second parameter that influences the proposed coherency based passive imaging is the range of offsets used in the coherency computations. The importance of this parameter can be seen by inspecting Figure 1: for far offsets from the diffractor the all the curves have the same shape -straight lines with the slope of the slowness of the medium. For the very near offsets the curves resemble horizontal lines.
We limited the offsets by looking at the range for which the curvature of the traveltime curves differs the most -we limited the far offset by half of the depth of the image point.
We demonstrate the feasibility of the proposed method on one synthetic and one field data example.
Synthetic example
In this example we verify that the location of imaged diffractors coincides with the diffractors in the model. To this end we create a model based on a seismic section acquired in Western Australia for the purposes of establishing CO 2 geosequestration site. We created the model by extrapolating log data from a well intersecting the section along the picked horizons. The P-wave velocity distribution of the model is shown in Figure 4 To proof the concept of the presented method by imaging the diffractors along the fault, we modelled one source located at the fault to ensure proper illumination. To compute the traveltime curves for each image point, we use equation (1) with the smoothed RMS velocity.
To compute the coherency, we used the frequency domain measure E. The result of the imaging is shown in Figure 5 , where the hot colours correspond to high coherency and thus to high diffractivity. We can see that the distribution of the imaged diffractors coincides with the expected locations along the fault. To test the depth imaging version of the method, we computed the traveltime curves for the coherency measure by a fast marching eikonal solver using the exact velocity from the model. The computed coherency measure E is shown in Figure 6 .
Field data example
In this example we applied the presented method to a 2D seismic data (Perth basin, Western Australia) that was the model for the above synthetic model. Since we do not have a true passive survey along the line, we used the active shot records with the passive processing: we omitted all the information about the source location and timing and used only each 10 th source. The results of the passive diffraction imaging are shown in Figure 7 . Herein we chose to use the modified semblance S with window length equal to two times the period corresponding to 30 Hz. As expected, the estimated diffractivity is concentrated around the observed fault. 
CONCLUSIONS
We presented a method for diffraction imaging that does not rely on active sources. The method is based on the difference between the shapes of the traveltime curves corresponding to different diffractor locations. On one hand the difference in the traveltime curves allows us to use passive seismic for diffraction imaging, on the other hand the method is very sensitive to the range of offsets that we use for the computation of the coherency measure. This sensitivity needs to be addressed more rigorously in future research.
To compute the coherency of the passive signal along the selected traveltime curves we have modified the standard semblance measure to work better on noisy data and proposed a new coherency measure based on the phase spectra of the traces. The presented examples show good potential for the method to be used for passive imaging of diffractors, such as terminations of layers at faults or edges of the altered areas in the subsurface on time-lapse seismic data. The presented examples also show that the diffracted waves using ambient energy sources can be sometimes incorrectly interpreted as active seismic sources that could lead to wrong conclusions about induced seismicity of processes generating the ambient noise, such as injection of fluids in the subsurface.
